Yb-doped fibers are widely used in laser applications requiring high average output powers and highpeak-power pulse amplification. Photodarkening (PD) is recognized as one limiting factor in these fibers when pumped with high-intensity radiation. We describe an approach for performing quantitative PD studies of fibers, and we present measurements of the rate of PD in Yb-doped single-mode fibers with varying inversion levels. The method is applicable to large-mode-area fibers. We observed a seventhorder dependence of the PD rate on the excited-state Yb concentration for two different fibers; this result implies that PD of a Yb-doped fiber source fabricated using a particular fiber will be strongly dependent on the configuration of the device.
Introduction
Yb-doped fiber lasers and amplifiers have become an attractive option for generating radiation in the 1:03-1:1 μm wavelength region. Photodarkening (PD) is recognized as one limiting factor in these fibers when pumped with high-intensity radiation. Our previous PD work employing core-pumped fibers indicated that meaningful comparisons of PD properties of different fibers require that the excited-state number density in the fiber be known, uniform throughout the fiber, and adjustable over a wide dynamic range. We describe an approach for performing quantitative PD studies of cladding-pumped, double-clad (DC) fibers.
Sources based on DC fibers have demonstrated an increased utility in practical settings because of their demonstrated ability to combine high output power with high beam quality and brightness. The DC structure allows the use of low-brightness pump sources, while a large surface-area-to-volume ratio provides favorable thermo-optic properties, facilitating removal of the heat generated in the fiber even as pump powers are scaled to the kilowatt level [1] . The output powers of Yb-doped DC fiber lasers have steadily increased over the past few years, rising to well over 1 kW average power in the cw mode and exceeding 1 MW peak power in the pulsed mode [2] [3] [4] [5] [6] . In the past few years, numerous fiber lasers and amplifiers with various output characteristics have already been successfully transitioned from laboratory prototypes to commercially available devices [7, 8] .
Typically, high-power DC fiber devices are realized with DC, large-mode-area (LMA) fibers [i.e., large core diameter and low numerical aperture (NA)]. LMA fibers are of interest because the resultant decrease in irradiance at a given power level (or decrease in fluence at a given pulse energy) mitigates optical damage and increases the threshold for undesirable nonlinear processes. In addition, the length of the doped LMA fiber may be shortened by increasing the core-cladding area ratio and/or by increasing the Yb concentration, resulting in a higher pump absorption. For many applications, shortening the length of the Yb-doped fiber is highly beneficial, for example, in reducing nonlinearities in highpeak-power amplifiers [9] . On the other hand, higher concentrations and/or higher pumping rates have been associated with deleterious effects, the most troublesome of which is the phenomenon of PD, generally acknowledged as a process that can potentially limit both the efficiency and the lifetime of Yb-doped fiber devices. The PD phenomenon is commonly manifested as a time-dependent broadband absorption at visible and near-infrared (NIR) wavelengths [10, 11] . Reduction, or preferably elimination, of this damage mechanism would greatly enhance the prospects for development and fielding of practical fiber lasers and amplifiers in applications requiring a predictable performance in long-term operational settings. To achieve this goal, meaningful characterization tools, as well as a better understanding of the PD phenomenon, must be developed.
PD of rare-earth doped fibers has been reported for many different glasses doped with, for example, Tm 3þ , Ce 3þ , Pr 3þ , Eu 2þ , Tb 3þ , and Yb 3þ [12] [13] [14] [15] [16] . PD can be attributed to the formation of color centers [11] or other light-induced structural deformations in the doped glass core [17] . While most of the excess loss is induced at visible wavelengths, a significant amount of PD may also be present at the near-IR signal and pump wavelengths. The PD process is driven by the energy of the signal and pump photons causing optical loss in the rare-earth doped core only; the process is thus distinguishable from other detrimental effects, such as polymer coating damage or glass radiation damage from high-energy particles. However, the mechanism behind PD remains largely unexplained, and several possibilities have been presented. Yoo et al. used a cw 488 nm light source to induce excess loss in doped aluminosilicate fibers and observed a spectroscopic peak at 220 nm, which was attributed to Yb-associated oxygen deficiency centers [18] . Based on comparisons with measurements on Yb-free fiber samples, it was suggested that these centers could act as precursors to PD in Ybdoped aluminosilicate fibers. Engholm et al.. presented results supporting the formation of Yb 2þ ions in the glass matrix from Yb 3þ through a charge transfer process, resulting in free holes that can act as precursors to color centers [19] . A similar observation was reported earlier by Guzman Chávez et al., who suggested the potential formation of Yb 2þ in a process involving the interaction of Yb 3þ -Yb 3þ pairs or even more complicated ion clusters [20] . There have also been indications that fibers with lower Al and/or higher Yb concentrations exhibited increased PD [21, 22] whereas Yb-doped phosphosilicate fibers, which are known to provide high solubility to Yb ions and thus exhibit less clustering, showed greater PD resistance [23] . Previous work has also shown the PD process to be either partially or fully reversible in many cases. Methods used to bleach PD have included temperature annealing [24] , exposure to UV and visible light [20, 25] , and oxygen loading [18] . More recently PD has been shown to bleach by the pump power itself [26] . As knowledge regarding the PD mechanism(s) increases, so does the database of the behavior of the PD in different types of fiber and under different modes of operation. When measuring the PD rate of a fiber in a specific application, such as a cw laser or a pulsed amplifier, several parameters may vary simultaneously, exhibit a spatial or temporal dependence, and/or be poorly constrained (inversion, temperature, irradiance, wavelength distribution, etc.), complicating the interpretation of such measurements. Thus, results obtained under different conditions and modes of operation may seem contradictory, especially if a given fiber is observed to photodarken faster in one application than in another and extrapolation to operating conditions different from those of the baseline PD measurement can be ambiguous or impossible. Therefore, a need exists for a PD metric that is quantitative, repeatable, practical to implement, and fully constrained with respect to measurement conditions that affect the rate of the PD. Performing such measurements enables one to determine PD rates and correlate them with specific parameters, such as Yb concentration and fiber composition.
Previously we observed that the spectral shape of the induced loss is invariant for several different silica glass compositions [10, 11, 27] . Consequently, the excess loss at the signal wavelength can be calculated from the measurements of the excess loss at a visible wavelength, e.g., 633 nm [10, 27] , where the induced loss is more easily measured. We also observed that the PD rate for a given Yb-doped fiber depends on the degree of inversion and that this rate is independent of the pump power at a given inversion level [11] , an observation supported by subsequent temporal evolution measurements of the excess loss performed on Yb-doped DC fibers with different concentrations of Yb, Al, and P [23] . Because different applications, such as a cw laser or a pulsed amplifier, induce different inversion levels in the fiber, correlation of the PD rate with the inversion level can give important indications of the expected behavior of a given fiber in a specific application. Conversely, if PD measurements are performed with an inversion level that is unknown or that varies in time and/or position along the fiber, a comparison of the results among fibers or extrapolation of the results cannot be performed in a quantitative or meaningful way.
In this paper we have undertaken a systematic approach to produce a Yb inversion level that is known, adjustable, and uniform throughout the fiber and have measured the PD rate at different inversion levels. We verified the hypothesis that the level of inversion is the primary controlling parameter for the PD rate and found that the PD rate has a seventh-order dependence on the inversion level. Furthermore, for a given glass composition, we find that the PD rate is determined by the absolute number density of excited-state Yb ions and the glass can therefore be characterized by a "PD propensity." This result allows the PD performance of fiber sources based on a specific glass composition to be reliably predicted, assuming the distribution of dopants and codopants within the fiber is sufficiently uniform. Parameters that affect the glass structure include, for example, the method and conditions of the glass soot formation, the deposition process, and possible further doping or heattreatment process steps. In well controlled measurement settings, the methodology reported in this paper can be used to perform quantitative comparisons among various glass compositions and thereby guide the development of PD-resistant fibers.
Measurement Method
Our hypothesis based on prior experience with PD measurements of core-pumped, single-mode (SM) fibers was that the inversion level is the dominant parameter defining the initial PD rate [11] . Our previous approach is difficult to apply to LMA fibers because of the required pump brightness. Furthermore, the transverse variation in the inversion level in a corepumped fiber complicates interpretation of the data. Finally, tuning the inversion level while maintaining a longitudinally invariant inversion requires tuning the pump wavelength, which is experimentally inconvenient. To overcome these limitations, we developed a new approach; we used cladding pumping of a short length of DC fiber to achieve a controllable, longitudinally, and transversely uniform inversion, and the inversion level could be altered by varying the pump power. The short sample length together with mode scrambling of the highly multimode pump light makes this measurement method independent of measurement conditions, such as an inner-cladding design or pump input beam characteristics.
We tested the hypothesis that inversion is the controlling PD parameter by measuring the PD rate as a function of inversion for two aluminosilicate DC fibers with similar compositions but different Yb-doping levels (denoted Fiber #1 and Fiber #2). The Yb 2 O 3 concentrations of the fibers were ∼0:3 and ∼0:43 mol % (17,000 and 24; 000 wt ppm Yb), respectively. Fluorescence analysis at visible and infrared (IR) wavelengths of the fibers did not reveal emission from other rare-earth ions, suggesting that the fibers were free from additional active ions such as Er or Tm. Both fibers had a core diameter of 6 μm, and the core NAs were nearly identical (∼0:13 for Fiber #1 and ∼0:14 for Fiber #2); note that these fibers do not have an LMA core design but the present approach is equally applicable to LMA fibers. Both fibers had an octagonal inner cladding of 125 μm diameter. All the fiber samples were 10 cm long.
The PD rate was measured using the setup illustrated in Fig. 1 , which is similar to the one used previously [2] . A He-Ne probe laser at 633 nm was coupled into a SM fiber. This fiber was spliced to the SM input fiber of a commercially available multimode combiner (MMC), which also had several multimode input fibers for guiding pump radiation from laser diodes. The input fibers were spliced to fibercoupled pump diodes operating at a wavelength of ∼920 nm. The output fiber of the MMC was double clad with a core diameter of 6 μm and a round inner cladding of 125 μm diameter. The test fiber was spliced to the output fiber of the MMC. The splice was recoated using a low-index polymer to minimize pump loss. With this setup, the probe laser propagated mainly in the core of the sample whereas the pump propagated in the cladding. The output pump and probe light were separated using dichroic filters, and an aperture was used to filter out probe laser light that propagated in the cladding (Fig 1) . Both the output pump power and the transmitted probe power were continually measured with powermeters throughout the experiment. No measurable decrease in the pump power was observed due to the short sample length, the small core-cladding ratio of the fiber, and the relatively small PD-induced loss at the pump wavelength as compared to the visible probe wavelength. After each measurement a fresh fiber sample was spliced and recoated.
Inversion levels for each sample were simulated using a commercial modeling tool-Liekki Application Designer (LAD) v3.3. Cladding pumping and the optically thin sample provide a very uniform inversion, and the pump power was varied to tune the Fig. 1 . (Color online) Experimental setup used to measure the PD rate in the Yb-doped core of the sample fiber. A longitudinally and transversely constant inversion was achieved with a short (optically thin) sample length, and the inversion level was tuned by varying the pump power. He-Ne transmission through the core of the fiber was measured as a function of time as the fiber photodarkened. inversion (Fig 2) . The simulated inversion profiles of the samples were longitudinally and transversely flat (<1% standard deviation). Knowledge of the pump power and spectrum were required to calculate the inversion level and both were measured in our experiments. The uncertainty in the inversion shown in Fig 2(b) was derived from the uncertainties in the absorption cross section (σ a ), emission cross section (σ e ), and Yb Ã emission lifetime (τ) using the LAD Monte Carlo analysis with a AE5% uncertainty for each of the above parameters. The AE2:5% uncertainty in the launched pump power (I pump ) was the dominant parameter in the total uncertainty of the inversion.
Initial experiments with Fiber #1 were performed with the fiber sample suspended in the air and fixed only at both ends but without the water bath. Simulations indicated that the core temperature of the fiber may rise by more than 20 K, which could, in principle, complicate the data interpretation if the PD rate has a significant temperature dependence. In subsequent experiments, the sample fiber was immersed in a constant-temperature water bath as shown in Fig 1; simulations indicate that this approach maintained a constant core temperature to within a few degrees for our experimental conditions. An ∼ 100 cm SM pigtail was spliced to the output end of the sample fiber, which ensured very little transmission of the probe light coupled into the cladding region of the fiber. The transmitted pump power in this case could not be measured in real time, but the measurements performed in the air showed good agreement between the measured output pump power and the estimated coupled pump power. We repeated the Fiber #1 measurements using the water bath, and all the Fiber #2 measurements employed the water bath as well.
Results
The PD rate was measured over a wide range of inversion levels from 22% to 51% for Fiber #1 and from 26% to 59% for Fiber #2. Figure 3 shows the probelaser transmittance as a function of time for both fibers at various inversion levels when the samples were immersed in the water bath; for Fiber #1, the results were similar when the fiber was held in the air, indicating that the temperature rise in the core of the fiber did not affect the PD rate to a measurable extent.
For both fibers, the inversion level had a clear and significant influence on the PD rate. We found that the decays in Fig 3 could not be fit using a simple exponential function. Successful fitting was achieved using a stretched exponential function [11, 27] ; this empirical formula has been employed in previous PD studies but it does not contribute to further understanding of the underlying PD mechanism(s). The applicability of the stretched exponential function, however, suggested that we could be observing a distribution of exponential decays. If the PD precursor was a single chemical species in a well-defined electronic environment in the glass matrix, we would expect to observe a single exponential decay. If there were n types of different sites, we would expect to observe a multiexponential decay with up to n different time constants, and in an inhomogeneous physical environment we would expect a continuous distribution of exponential rate constants.
In the following analysis, we will consider the relationship of the measured transmittance to the concentration of color centers formed by the PD process. The transmitted probe-laser intensity (I) is given by Beer's law
where I i is the incident intensity, σ is the absorption cross section of the color center (at the probe wavelength), N is the concentration of color centers, and L is the fiber length. The product in terms of the exponent could also include a factor that represents the overlap integral between the probe beam and the rare-earth-doped region but this term can be included in σ (which will be an adjustable parameter in the following analysis). The concentration of color centers is known to vary with time and is presumed to reach a final concentration level (N f ). Consider now a mechanism that exhibits a multiexponential time dependence (i.e., multiple time constants) for n pathways. The time-dependent concentration of color centers is then given by
where the coefficient c i is the amplitude of process i with time constant τ i and
Equations (2) and (3) assume that the various pathways lead to the same final state, which is reasonable in light of our previous observation of similar loss spectra in various fibers that have undergone PD [10] . In general, the signal incident on the detector may include the residual pump light propagating in the core (part of which may reach the powermeter even after spectral filtering) and the probe light propagating in the inner cladding of the fiber (which experiences very little attenuation within the gain fiber before reaching the detector). In our experiments, the residual pump light was ∼20 dB below the HeNe signal and the contribution of the signal propagating in the inner cladding was insignificant compared to the signal transmitted through the core. Nonetheless, for generality, the following equations take these contributions into account: we define f as the fraction of the pump light propagating in the core of the fiber and p as the residual pump light. The measured signal [I norm ðtÞ, shown in Fig 3] normalized to the initial signal present on the detector (I 0 ) is given by Consider the case of two first-order processes [n ¼ 2 in Eq. (2)]. By expanding Eqs. (2) and (4) and grouping parameters, the normalized intensity following the biexponential growth of NðtÞ is given by
where
Equation (5) has five adjustable parameters, and obtaining a good fit to the data would not be strong evidence that this equation is uniquely suited to describing the PD process. We can use physical arguments, however, to constrain many of the parameters. We can first set C 1 ¼ 1 assuming that there is no probe light propagating in the cladding, residual pump light, or detector offset; we estimate that such effects contribute 10% at most to the total signal and can thus be neglected at first. Second, C 2 contains constants that should not vary from sample to sample of the same fiber or between fibers of similar composition; thus, C 2 can be assumed constant for a given fiber type and was therefore not varied in fitting the various PD curves recorded at different pump powers. Similarly, C 3 , which reflects the relative amplitudes of the two pathways, is also expected to remain constant for a given fiber type. With these assumptions, we are left with just two adjustable parameters; after establishing values for C 2 and C 3 , only C 4 and C 5 (i.e., the two first-order rate constants) were varied to fit each PD decay curve. The measured transmission decay curves typically spanned a factor of ∼100 in I norm . The drift of the probe-laser output power and the powermeter for the probe signal is estimated to be insignificant over the duration of the experiment. We also estimate that the overlap between the probe signal and the fiber core stays constant throughout the measurements to a degree that its contribution to the error can be neglected. According to Eq (4) the concentration of color centers is proportional to logðI norm Þ in the absence of background from the residual pump or cladding light. As shown below, this background was small, and the data were fit to logðI norm Þ in Eq. (5) as shown in Fig 3. We first allowed all the parameters (C 1 -C 5 ) to vary. We found that C 1 was within 10% of unity (as expected because of the low background signal), and C 2 and C 3 varied over a relatively small range. We therefore set C 1 equal to 1 and C 2 and C 3 to their average values for both fibers (C 2 ¼ 5:6 , C 3 ¼ 0:15) We then fit each PD decay curve (corresponding to a given inversion level) varying only C 4 and C 5 , the two time constants. The fits match the measurements well as shown in Fig. 3 . The largest disagreements occur at low signal levels (<5% transmission) recorded during the latter portion of the transmission decay curve; deviation from the fit in this part of the curve can be expected if C 1 ≠ 1.
Plots of logðC 4 Þ and logðC 5 Þ versus logðinversionÞ for both fibers are shown in Fig. 4 . The x-axis error bars represent the inversion uncertainty taking into account the uncertainties of σ a , σ e , τ, and I pump . The uncertainties of the C 4 and C 5 values were typically ∼1% and were neglected. Note that both rate constants have an approximately seventh-order dependence on inversion for both fibers. The relative amplitudes of the slow and fast processes are ∼4∶1 for both fibers, favoring the slow process, and the rate constants differ by a factor of ∼10. From Eqs. (2)- (6), the initial transmittance decay rate (at t ¼ 0) is proportional to c 1 =τ 1 þ c 2 =τ 2 ; from the fits to the data, we find that both time constants contribute significantly to the initial decay, with a slow:fast ratio of 1∶2:5.
The data of Fig. 4 are replotted in Fig. 5 as a function of [Yb Ã ], the absolute number density of 
Discussion
The well-defined relationship between the initial PD rate and the [Yb Ã ] may indicate a single, well-defined PD mechanism for the glass host of the tested aluminosilicate fibers. One possibility is the formation of color centers in the glass through photoionization, i.e., promotion of an electron from the valence band to the conduction band (it should be noted that the term "photoionization" does not imply that the process necessarily involves emission and subsequent reabsorption of an ultraviolet photon). The photoionization energies for silica glasses are known to be dependent on the dopants used to modify the glass matrix. For example, photoionization energies for sodium-doped silica glasses are reported to be as low as 5:2 eV [17] , whereas pure silica has a photoionization energy of 8-9 eV [28] ; the sodium-free, aluminosilicate fibers used in the present experiment are expected to have a photoionization energy similar to that of silica. With a single pump photon energy in these experiments of ∼1:35 eV, a total energy of ∼9:45 eV would be achieved by interaction among seven ions, presumably in a preexisting cluster. The most likely energy level for a given Yb Ã ion corresponds, however, to the emission cross-sectional peak at 976 nm where the total energy of seven ions is 8:89 eV, sufficient to ionize pure silica. This result is suggestive of a PD mechanism in which photoionization enables formation of a color center, although further mechanistic and spectroscopic studies are required to confirm the dominant role of this process.
Recently published papers suggest the breaking of Yb-Yb or Yb-Al bonds within an oxygen deficiency center (ODC) as a formation mechanism for color centers associated with PD [18] . Based on the presumed energy of up to seven Yb Ã ions, our work is consistent with the hypothesis of an ODC-dependent process. However, the experiment in [18] was conducted using a 488 nm pump wavelength, and the energy-transfer mechanism from individual Yb Ã ions to obtain the energy required for ionization remains to be defined. The seventh-order dependence derived from our fit is also consistent to within experimental errors with the sixth-order dependence reported recently by Shubin et al. [23] .
Our preliminary measurements indicate that PD saturates following prolonged exposure to pump radiation, consistent with observations from other groups [23, 25] . This result implies that the supply of PD precursors in the material is finite, as was assumed by our fitting function [Eq. (2)]. The PD precursors could be impurities or defects in the glass matrix or a suitably sized formation of closely packed Yb ions. If the precursors are impurities, great attention should be given to the purity of the raw materials used in the glass manufacturing process. Support for a connection between the rate of PD and the Yb clustering was provided by reports of reduced PD effects in fibers with high Al concentration, which are known to be associated with reduced Yb clustering or Yb-Yb ion pairs [21] . If the presence of closely packed Yb ions (or clustering) is a prerequisite for PD, this requirement would have repercussions for both the composition and the manufacturing method of Yb-doped glass. Presumably, homogeneous doping is important for the minimization of clustering. Furthermore, because of the significant dependence of the PD rate on [Yb Ã ], any local fluctuation in [Yb] would lead to significant differences in the PD rate, even if [Yb] averaged over a larger sample volume is constant. This conclusion points to the need to carefully control the local distribution of the Yb dopant. With regard to fiber composition, as pointed out above, an increased Al level is correlated with reduced PD but in itself is not sufficient to eliminate the phenomenon without additional control of doping homogeneity, especially if high [Yb] is desired to maintain short fiber lengths. Another fabrication option involves the use of phosphosilicate fibers in place of aluminosilicate glass, as was suggested by the work of Shubin et al. [23] . It is however important to bear in mind that most LMA designs require maintaining a low and flat NA, and P doping not only increases the core index but, due to volatility, is also difficult to control in the manufacturing of largediameter multimode cores. Although the present and previous results suggest the creation of color centers in a single, stepwise process, other physical processes cannot be ruled out. The PD mechanism may also involve sequential processes, each of which may be nonlinear with respect to pump power, for example, multiphoton excitation of sites followed by the interaction of multiple sites.
In previous studies of concentration quenching of Yb 3þ ions in glass, Burshtein et al. [29] found that the fluorescence emission decay exhibited a biexponential temporal shape (a similar observation was recently reported in fibers [30] ). The two time constants were attributed to two dissimilar Yb sites within the glass matrix [29] . This observation is similar to the behavior we have seen (Fig. 3) , suggesting the possibility of two dissimilar sites of photoinduced loss with different time constants. Based on our preliminary excited-state lifetime measurements, however, we do not have evidence to link these mechanisms, as the fluorescence decays can be fit with a single exponential function.
The strong inversion dependence of the PD rate has implications for both fiber-based devices and for the characterization of PD. Different applications of fiber sources employing a given Yb-doped fiber, for example, cw lasers, cw amplifiers, pulsed amplifiers, and Q-switched lasers, will exhibit PD degradation over a very wide range of time scales, depending on the inversion of the fiber in each application. A typical cladding pumped cw fiber laser (even with an output power of several hundred watts) will have an inversion of just a few percent whereas a pulsed amplifier may exceed 35% inversion within the fiber. Given a seventh-order power dependence of the PD rate on the inversion level, the PD time constant for a laser operated in the cw mode may be more than 500,000 times larger than for a pulsed fiber amplifier. However, in most applications the inversion within the fiber is both spatially and temporally variable, and the observed decay rate of the output power of a system consists of multiple PD rates taking place in different regions of the fiber.
A comparative PD measurement of a fiber is ideally performed under conditions of high inversion, which must further be longitudinally and transversely uniform and repeatable between samples to obtain quantitative results, as noted earlier. Assuming that other factors (e.g., pump wavelength or signal power) do not strongly influence the PD rate in a given fiber at a given temperature and because the rate constant for PD was observed to have an approximately seventh-order dependence on inversion, the methodology described in this study can be used for an accelerated lifetime testing of fibers. This conclusion has important practical ramifications because PD measurements might otherwise require tens of thousands of hours of operation for a device such as a low-threshold cw fiber laser. Given the large dynamic range of the PD rate in different applications spanning a correspondingly wide -and sometimes variable-range of inversion levels, it may also be necessary to consider thermal and optical annealing mechanisms for PD [23] [24] [25] [26] ; thermal annealing is particularly important under conditions that entail operation at elevated temperatures in the range of 400°C-500°C. Previous reports indicate that heating of Yb-doped fibers can be used to anneal any residual PD effects [24] . In preliminary experiments we were able to observe similar annealing effects when subjecting the fiber to higher temperatures in the range of 400-500°C. These and other results will be reported in a future paper.
Conclusions
The present experiments and analysis lead to five principal conclusions.
1. We have introduced a simple and reproducible method to produce a spatially uniform and tunable inversion level in Yb-doped DC fibers, including LMA fibers. As the inversion is varied over a wide dynamic range, other parameters that could potentially affect the PD rate are kept constant. This approach provides quantitative and meaningful comparisons among the PD properties of various fibers, and it allows extrapolation beyond the specific conditions of the PD measurement.
2. Formation of color centers follows a biexponential time dependence. The resultant PD rate constants can be parameterized in terms of single variable, the excited-state Yb concentration ([Yb Ã ]) in the fiber. In addition to identifying the key controlling variable in PD, this result implies that a given glass composition can be characterized by a unique PD propensity. This propensity can be used to quantitatively compare different fibers, guide development of new fibers, and identify critical aspects of the fiber fabrication process control.
3. The PD time constants follow a simple power law and are proportional to ½Yb Ã 7AE1 , where the accuracy of AE1 is based on estimates of uncertainties in our experiments. This result suggests that ∼7 Yb Ã ions in close proximity may be involved in the PD process, an observation corroborated by others [23] . This very high-order dependence has significant implications for fiber devices. For example, a given fiber operating as a pulsed amplifier will photodarken 10 5 -10 7 times faster than when it is used in a cw laser (even a cw laser operating at a very high output power), assuming average inversions of 30%-50% and 5%, respectively. In addition, pulsed lasers or amplifiers will have a time-dependent inversion profile that is a function of pulse energy, wavelength, pulse duration, and repetition rate, making it a challenging task to correlate benchmarking results to performance degradation of an operational system. 4. The simple functional dependence for the PD rate on [Yb Ã ] may indicate a single, well-defined mechanism for color-center formation, although other physical processes cannot yet be ruled out.
5. The present results demonstrate the importance of performing PD measurements under uniform population inversion. The high-order dependence on the inversion level makes quantitative analysis of PD in a fiber with a nonuniform or time-varying inversion very difficult; such measurements will not be a reliable indicator of performance in an operational system. Furthermore, the time required to record the PD decay curve can be inconveniently long or impractical if insufficient pump power is available to achieve a high enough inversion level.
Further experiments should be undertaken to extend this study to a broad range of fiber compositions and dimensions, spanning a wider dynamic range of inversion and with exposures conducted over longer time periods. Additional work is also required to explore the temperature dependence of the PD process and to analyze the underlying photochemical mechanism(s) for such optically induced excess loss. Finally, improved measurement techniques and parameterization procedures following the guidelines suggested in this paper can be highly beneficial in providing correlations and comparisons between the alternative techniques and approaches suggested by various groups for annealing, reducing, or eliminating PD. These techniques include operating at elevated temperatures [24] , photobleaching through irradiation [25, 26] , oxygen loading [18] , and the use of alternative compositions, such as increasing the Al content or employing phosphosilicate fibers [23] where applicable. D. A. V. Kliner and J. P. Koplow were supported by the Laboratory Directed Research and Development, Sandia National Laboratories, under contract DE-AC04-94AL85000.
